Transforming growth factor β (TGF-β) is a central mediator of fibrogenesis. TGF-β is upregulated and activated in fibrotic diseases and modulates fibroblast phenotype and function, inducing myofibroblast transdifferentiation while promoting matrix preservation. Studies in a wide range of experimental models have demonstrated the involvement of the canonical ALK5/Smad3 pathway in fibrosis. Smad-independent pathways may regulate Smad activation and, under certain conditions, may directly transduce fibrogenic signals. The profibrotic actions of TGF-β are mediated, at least in part, through induction of its downstream effector, Connective Tissue Growth Factor. In light of its essential role in the pathogenesis of fibrosis, TGF-β has emerged as an attractive therapeutic target. However, the pleiotropic and multifunctional effects of TGF-β and its role in tissue homeostasis, immunity and cell proliferation raise concerns regarding potential side effects that may be caused by TGF-β blockade. This minireview summarizes the role of TGF-β signaling pathways in the fibrotic response.
Introduction
Fibrosis is characterized by excessive accumulation of extracellular matrix in the affected tissue that often results in destruction of its normal architecture and causes significant organ dysfunction. Although fibrotic conditions in various organs have diverse etiologies, fibrosis typically results from chronic persistent inflammation induced by a variety of stimuli, such as chronic infections, ischemia, allergic and autoimmune reactions, chemical insults or radiation injury. In its early stages, inflammation may be beneficial as part of a reparative mechanism following tissue damage; however, defective resolution and impaired containment of the inflammatory reaction may result in accentuated and sustained production of fibrogenic growth factors, chemokines and cytokines (57) . The main cellular effectors of fibrosis are the myofibroblasts (19) , phenotypically modulated fibroblasts that acquire expression of contractile proteins (such as α-smooth muscle actin) and, when activated, can produce large amounts of matrix proteins. Macrophage and lymphocyte subpopulations play essential regulatory roles in fibrotic conditions by releasing mediators that modulate fibroblast phenotype and by regulating matrix metabolism. Among the mediators involved in tissue fibrosis, Transforming Growth Factor (TGF)-β is considered a key molecule in activation of the fibrotic program. The goal of this minireview is to provide a brief discussion of the role of TGF-β-mediated signaling pathways in the pathogenesis of fibrosis.
The basic biology of TGF-β
The TGF-β superfamily includes the bone morphogenetic proteins (BMP)/GDF (growth differentiation factor)/MIS and the TGF-β/activin/Nodal subfamily, which activate distinct signaling pathways. The TGF-βs are some of the most pleiotropic and multifunctional peptides known. They are secreted by many cell types and are implicated in a wide range of cell functions, critically regulating tissue homeostasis and repair, immune and inflammatory responses, extracellular matrix deposition, cell differentiation and growth (41) , (59) . In mammals, three structurally similar isoforms of TGF-β, designated TGF-β1, 2 and 3, are encoded by three different genes (41), (25) . Although each isoform is expressed in a distinct tissue-specific manner under control of a unique promoter (25) , all three isoforms signal through the same cell surface receptors and have similar cellular targets. TGF-β1 is the prevalent isoform and is almost ubiquitously found in mammalian tissues, whereas the other isoforms are expressed in a more limited spectrum of cells and tissues. Although the in vitro functions of the three isoforms are similar, their in vivo effects are distinct. Loss-of-function experiments in mice have demonstrated that each TGF-β isoform plays an independent role in embryonic development highlighting their non-compensated functions. Moreover, although all three isoforms are expressed in fibrotic tissues, the development of tissue fibrosis is primarily attributed to TGF-β1 (3).
The mechanisms of TGF-β activation (Figure 1)
TGF-β is produced by many cell types as an inactive latent complex, consisting of a Cterminal mature TGF-β and an N-terminal latency-associated peptide (LAP); this complex is unable to associate with its receptors. TGF-β is cleaved from LAP before it is secreted by the cell by a plasma membrane-bound furin convertase (27) . After cleavage mature TGF-β remains attached to LAP by noncovalent bonds forming the Small Latent Complex (SLC). This complex is bound to the Latent TGF-β-Binding Protein (LTBP) by disulfide bonds, forming a larger complex called Large Latent Complex (LLC). In connective tissue, it is the LLC that is secreted and bound to the extracellular matrix (ECM) components, such as elastin fibrils and fibronectin-rich pericellular fibers (51) . The attachment of mature TGF-β to the binding proteins shields its active epitopes and prevents interactions with the TGF-β receptors. In most tissues significant amounts of latent TGF-β are "stored" in the matrix; thus, activation of TGF-β signaling is primarily regulated by conversion of latent TGF-β to active TGF-β. Due to the high affinity between TGF-β and its receptors, activation of only a small fraction of this latent TGF-β generates maximal cellular response (2) . In order for latent TGF-β to become activated and function at adjacent and neighboring cells, the LLC must be liberated from the matrix. Several proteases, including plasmin, mast-cell chymase and thrombin, release LLC from the ECM (2) . Release of bioactive TGF-β also requires disruption of the noncovalent bonds attaching it to the LAP. Liberation of active TGF-β from the LAP:TGF-β complex is a poorly understood process that may occur in a proteasedependent manner and involves conformational changes of the LAP. The LAP structure is important to maintain its function; conformational modification of the LAP results in disruption of the interaction between LAP and TGF-β, thus releasing active TGF-β. The inducible matricellular protein thrombospondin (TSP)-1 acts as a TGF-β activator by binding to the LSKL sequence in the LAP, thus altering its conformation and making TGF-β accessible to its receptor (33) . Other factors that may cause such structural modifications include hydroxyl radicals from reactive oxygen species and integrins (5) . αVβ6 integrin was the first integrin identified to activate TGF-β1 in the absence of proteolytic cleavage by binding an RGD motif in the LAP (32) . On the other hand αVβ8 integrin was shown to activate TGF-β1 through a membrane type 1 matrix metalloproteinase (MT1-MMP)dependent mechanism (31) . A variety of proteases have been described to target the LAP:TGF-β complex, inducing liberation of TGF-β. Proteases including plasmin, matrix metalloproteinase (MMP)-2 and MMP-9 are known to cleave latent TGF-β, coupling matrix degradation with activation of a molecule that has a primary role in preserving matrix integrity and stability (2), (20) . Moreover a mildly acidic environment can denature the LAP inducing TGF-β activation (27) .
TGF-β signaling: Smad-dependent and Smad-independent pathways (Figure 1)
Members of the TGF-β superfamily elicit signaling through distinct combinations of transmembrane type I (TβRI) and type II receptors (TβRII) (28) . Type I and type II receptors are serine/threonine kinases that form a heteromeric complex. In response to ligand binding to the type II receptor, a stable complex with the type I receptor is formed allowing its transphosphorylation and thus activation of the type I receptor kinases. Among the seven known mammalian type I receptors termed ALK1-7 (activin receptor-like kinase), ALK5 is expressed on many different cell types and is utilized by TGF-β1 for signaling (38) . In endothelial cells TGF-β1 signals through a second type I TGF-β receptor, ALK-1 (18) . There are additional receptors for TGF-β, including the type III receptors β-glycan and endoglin that serve as accessory co-receptors and may modulate signaling through type I and II receptors.
The canonical signaling pathway for TGF-β involves the Smad family of transcriptional activators (44) . The eight mammalian Smads can be grouped into three functional classes: the receptor activated Smads (R-Smads, Smad1, 2, 3 ,5 and 8), the common mediator Smad (Co-Smad, Smad4) and the inhibitory Smads (I-Smads, Smad6 and 7). The R-Smads, Smad2, and Smad3 are phosphorylated directly by ALK5, whereas Smad1, Smad5 and Smad8 are activated by ALK1 (49). Subsequently the R-Smads form complexes with the co-Smad, Smad4, and translocate to the nucleus, where they activate, or repress, gene transcription depending on the recruitment into transcriptional complexes of coactivators such as p300, CBP, AP-1 and Sp1 or corepressors such as c-Ski, SnoN, transforming growth inhibiting factor or smad nuclear-interacting protein-1 (13) . The I-Smads serve as negative regulators: Smad6 and Smad7 antagonize TGF-β signaling by binding to type I receptor (Smad7) or by competing with activated R-Smads for binding to Co-Smad4 (Smad6).
Moreover inhibitory Smads recruit the E3 ubiquitin-protein ligases Smurf1 and Smurf2 that target Smad proteins for proteasomal degradation thereby terminating Smad-mediated signaling. Smad6 expression is induced by Smads1 and 5, whereas Smad7 expression is triggered by Smad3 therefore providing autoinhibitory feedback loops that suppresses TGFβ-mediated effects.
In addition to activation of Smad-dependent cascades, TGF-β can also signal in a noncanonical fashion. Members of the mitogen-activated protein kinase (MAPK) family encompass serine/threonine-specific protein kinases that respond to extracellular mitogenic and stress stimuli and regulate differentiation, proliferation, cell survival and apoptosis. TGF-β can activate all three known MAPK pathways: extracellular signal-regulated kinase (ERK), p38 mitogen-activated protein kinase (MAPK) and c-Jun-N-terminal kinase (JNK). Signaling through these pathways may further regulate Smad proteins, but also mediates Smad-independent TGF-β responses. Depending on the cell type examined, ERK activation either increases (16) or decreases (23) Smad signaling. In contrast, p38 MAPK (17) and JNK (60) usually potentiate TGF-β/Smad-induced responses. Other MAPK-mediated TGF-β responses may be Smad-independent, such as TGF-β-induced G0/G1 cell cycle arrest that is transduced by p38 MAPK with no involvement of Smad proteins (42) . In addition to Smad and MAPK, TGF-β has been shown to activate PI3 kinase/Akt, Abelson nonreceptor tyrosine kinase (c-Abl), and Rho GTPase pathways and cooperate with Wnt and Notch signaling cascades (9) .
Effects of TGF-β on fibroblast phenotype and function (Figure 2)
TGF-β1 is a crucial regulator of fibroblast phenotype and function. Upon TGF-β stimulation, fibroblasts are activated and undergo phenotypic transition into myofibroblasts, the key effector cells in fibrotic states. The myofibroblast phenotype is characterized by formation of gap junctions and by the acquisition of a contractile apparatus with associated contractile proteins, such as α-SMA and non-muscle myosin (52) . TGF-β-induced α-SMA synthesis requires Smad3 (10), but also involves FAK, JNK, TAK and PI3 kinase/Akt pathways (26), (50), (43) , (4) . In healing wounds myofibroblasts are required for tissue repair; however, in pathologic conditions activated myofibroblasts become the cellular effectors of fibrosis. The origin of fibroblasts in fibrotic tissues remains controversial. The traditional view is that activated myofibroblasts in fibrous tissue derive from phenotypically modulated resident fibroblasts. However, emerging evidence suggests that in many fibrotic conditions, fibroblasts may originate from other cellular sources, such as pericytes and bone marrowderived progenitor cells. In addition to mesenchymal cells, myofibroblasts may derive from epithelial origin in a process termed epithelial-mesenchymal transition (EMT) (22) . This phenomenon is characterized by downregulation of epithelial marker proteins such as Ecadherin and cytokeratins, upregulation of mesenchymal markers (such as vimentin and α-SMA), basement membrane degradation and migration to the interstitial compartment. TGFβ plays an important role in EMT through effects involving Smad signaling (58) . Moreover, activation of the Ras-Erk MAPK pathway, p38 MAPK and JNK signaling, as well as Rho GTPase signaling and the PI3 kinase/Akt pathway may be involved in TGF-β-induced EMT (58) . Extensive evidence suggests that EMT plays an important role in renal, pulmonary and hepatic fibrosis (21) , (56) . Moreover, endothelial-mesenchymal transition (EndMT), a form of EMT that occurs during cardiac development, is involved in fibrotic remodeling of the pressure-overloaded myocardium (61) . Phenotypic transition of endothelial cells to fibroblasts requires TGF-β/Smad signaling (61) .
In addition to its role in myofibroblast transdifferentiation, TGF-β promotes matrix preservation and deposition by enhancing matrix protein synthesis and by altering the balance between matrix-preserving and matrix-degrading signals. TGF-β potently stimulates type I collagen gene transcription in a Smad3-dependent manner. In addition TGF-β may be implicated in postranslational modification of collagen by increasing its stability through enhanced cross-linking. TGF-β also exerts matrix-preserving actions by suppressing the activity of MMPs and by inducing synthesis of protease inhibitors, such as Plasminogen Activator Inhibitor-1 (PAI-1) and Tissue Inhibitor of Metalloproteinase (TIMPs) (41), (29) . Activation of the Smad3 signaling pathway appears to be important in mediating TGF-βinduced extracellular matrix protein synthesis and TIMP upregulation (54) .
TGF-β signaling pathways in fibrosis
Animal model experiments have suggested an important in vivo role for TGF-β in the pathogenesis of fibrotic conditions (37), (24) . TGF-β induction and activation is consistently observed in experimental models of tissue fibrosis. TGF-β overexpression in various tissues induces marked fibrotic changes. Transient overexpression of active TGF-ß1 by adenoviral vector gene transfection in rat lungs induces severe and progressive fibrosis (45) . Postnatal induction of TGF-β signaling in fibroblasts of transgenic mice with inducible TβRI activation recapitulates clinical, histologic, and biochemical features of scleroderma (46) . Hepatic expression of mature TGF-β1 in transgenic mice under the control of the murine albumin promoter results in prominent hepatic fibrosis and multiple extrahepatic fibrotic and inflammatory lesions (39) . In the heart cardiac-specific expression of a constitutively active mutant TGF-β1 results in atrial, but not ventricular, fibrosis (34) . TGF-β inhibition attenuated hepatic (35) , renal (15) and cardiac fibrosis (48) in various animal models, highlighting the role of TGF-β in a wide range of fibrotic conditions. Which signaling pathways are implicated in TGF-β-induced fibrosis? Extensive evidence suggests that the canonical ALK5/Smad3 pathway is critically involved in the pathogenesis of fibrosis in many tissues. Oral administration of a small molecular weight selective inhibitor of the kinase activity of ALK5 inhibited fibrogenesis in a rat model of progressive TGF-β1-induced pulmonary fibrosis (6) . Moreover, Smad3 null mice exhibit attenuated fibrosis in a wide range of experimental models. Smad3 null mice are resistant to bleomycin-induced pulmonary fibrosis (62) . Similarly, dermal fibrosis following irradiation (14) , renal interstitial fibrosis produced by unilateral ureteral obstruction (40) and cardiac fibrosis (7) , (10) are all attenuated in Smad3-deficient animals.
Although the central role of Smad3 in TGF-β-induced fibrous tissue deposition is widely recognized, a growing body of evidence suggests that noncanonical TGF-β signaling through the Smad1 cascade, or via activation of Smad-independent pathways, may play an important role in certain fibrotic conditions. In a mouse model of scleroderma-like fibrosis due to forced expression of ALK5, activation of a fibrotic gene program was dependent on Smad1 and Erk1/2, and not on Smad2/3 (36) . Moreover, several distinct TGF-β-induced Smad-independent pathways have been implicated in the pathogenesis of fibrosis in various tissues. Activation of c-Abl kinase was involved in TGF-β-mediated renal (55) and pulmonary (8) fibrosis. Both in vitro and in vivo findings have suggested that p38 MAPK may play a role in the pathogenesis of renal fibrosis acting downstream of TGF-β (47) . The significance of interactions between Smad-dependent and Smad-independent pathways in mediating the fibrogenic actions of TGF-β remains poorly understood.
At least some of the pro-fibrotic effects of TGF-β are mediated through upregulation of its downstream effector Connective Tissue Growth Factor (CTGF). TGF-β induces the expression of CTGF via a functional Smad3 binding site in the CTGF promoter, which in turn stimulates myofibroblast differentiation and collagen synthesis (12) . On the other hand, CTGF binds directly to TGF-β, and enhances its activity resulting in increased binding to TβRI and TβRII (1) . In vivo studies have suggested that CTGF potentiates TGF-β-mediated fibrogenic actions. When injected into the subcutaneous tissue of newborn mice, TGF-β or CTGF alone induced only transient granulation tissue formation (30) . Application of both CTGF and TGF-β was required for sustained fibrotic response (30) .
Concluding remarks
The critical involvement of TGF-β in tissue fibrosis suggests that TGF-β-mediated pathways may be attractive therapeutic targets for the treatment of patients with fibrotic conditions. Several distinct strategies for TGF-β inhibition are available, including the administration of anti-TGF-β neutralizing antibodies, or soluble TβRs, and the use of small molecule TβR kinase inhibitors. Because the Smad3 pathway appears to play an essential role in TGF-βmediated fibrosis, Smad3 inhibition through administration of endogenous inhibitors (such as Smad7), or through the use of small molecule inhibitors (such as halofuginone) may hold promise. The functional pleiotropy of TGF-β, its important homeostatic functions and its crucial role in regulation of the immune system, cell proliferation and tissue repair raise serious concerns regarding potentially catastrophic adverse effects of TGF-β inhibitors (11), (53) . However, the relatively modest toxicities associated with anti-TGF-β approaches in early clinical trials may be explained by incomplete inhibition of TGF-β signaling, and provide encouragement for further evaluation of these therapeutic approaches in patients with fibrotic conditions (53). Effects of TGF-β on fibroblast phenotype and function. 
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